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Sir: 

I, Andrew John Timothy George, hereby declare that: 

1. My name is Andrew John Timothy George, of Imperial College, London. I have been 
Professor of Immunology in the Division of Medicine since 2002. I am also an Honorary 
Professor in the Institute of Ophthalmology in University College London, and in 2005 was 
visiting Professor at Flinders University, Adelaide and the John Radcliffe Hospital in Oxford. 
I took my BA in Natural Sciences in 1984 at the University of Cambridge, and my PhD in 
inimunochemistry at the University of Southampton in 1987, 1 am a Fellow of the Royal 
College of Pathologists. Until 2002 I was course organiser of the MSc in Immunology at 
which time 1 was awarded a BE SRC Research Development Fellowship to concentrate on my 
research. I have twice been given an award for excellence in teaching by Imperial College. I 
run a research team developing molecular therapies for a range of conditions, and have more 
than 170 papers published or in press. I am named as inventor on a number of patent 
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applications, and have co-edited a book entitled "Diagnostic and Therapeutic Antibodies". I 
have acted as an expert witness in a number of court cases. 

2, I have known Professor Sunil Shaunak Tor a nxmiber of years. In November 2005, Prof. 
Shaunak came to my office to talk to me about some work he had been doing. I cannot 
remember the exact words which were used in the conversation, but he told me that he and 
colleagues had developed a process for conjugating PEG to proteins which involved breaking 
a sulfur-sulfur bond in the protein. The early work had been carried out using interferon. He 
told me that the resulting PEG-interfcron conjugate retained virtually the full activity of the 
native interferon. T told him that 1 was very surprised to hear this, as I would have expected a 
very significant reduction in activity. He told me that he was intending to publish a paper in 
Nature, and I asked him to send me a copy of his paper. This paper was subsequently 
published online by Nature Chemical Biology in April 2006, and a further article was 
published in the May 2006 edition of Hospital Doctor. Copies of these papers are attached to 
this Declaration. 

3 . Subsequent to my conversation with Prof. Shaunak, I was shown a copy of the original 
PEGylation experiments, as they appear in a patent application filed by Prof. Shaunak and 
colleagues. These experiments confirm what I was told by Prof Shaunak, i.e. that the PEG- 
interferon conjugate retained virtually the fall activity of the native interferon. I remain 
surprised that that you can replace the disulfide bond in interferon with a cross linking agent 
that added PEG onto the molecule - not because the chemistry would be difficult, but because 
I assumed that disrupting the disulfide bond in this way would alter the properties of the 
molecule. The fact that disrupting disulfide bonds alters the properties, and particularly the 
biological properties, of the protein, is extremely well known, and prior to speaking with 
Prof. Shaunak, 1 would not have thought that such an approach to PEGylation was worth 
trying. I would have expected the resultant PEGylated protein to lack the desired biological 
activity. 

4. I declare that all statements made herein of my own knowledge and belief are true and that 
all statements made on information and belief arc believed to be true, and further, that the 
statements are made with the knowledge that willful false statements are punishable by fine 
or imprisonment, or ^oth, under section 1001 of Title 18 of the United States Code, and that 
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such willful false statements may jeopardize the validity of the application or any patent 
issuing thereon. 






Site-specific PEGylation of 
native disulfide bonds in 
therapeutic proteins 

Siinil Shaunak', Antony Godwin^ Ji-Won Choi', Sibu Balan^ 
EUsa Fsdoni;^, Damotharan VijayfjaRgani', Sibylk Hcidelbergci \ 
Ian Teo', Mire Zlolr'' & Steve Brocchini^ 

Native disulfide bonds in therapeutic proteins are crucial for 
tertiary structure and biologica! activity and are therefore 
considered unsuitable for chemical modification'''^. We show 
that native disulfides in human interferon oi-2b and In a 
fragment of an antibody to CD4' can be modified by 
site-specific bisalkylation of the iwo cysteine sulfur atoms 
to form a three-carbon PEGylat^d bridge. The yield of 
PEGylated protein i.'i high, and fertiary structure and f 
biological activity are retained. 

It is generally considered that a protein's native disulfide bonds cannot 
be modified because they are cru'jiai to its structure and fijnction''^, 
Covalent conjugation of poly(etbyIene glycol) (PEG) to therapeutic 
pioicuis increases their in vivo stability by protecting the protein froin 
degradation, masking its immunogenic sites and reducing clearance-'. 
Typicaliy, FKGylation uses nons|)ecitic reactions with nucleophilic 
residues and produces mixtures of PEGylated positional isomers', 
lb solve this problem, we exploited the reactivity of the two sulfur 
atoms of a native disulfide for selective conjugation of PEG using a 
thiol-specific, cross-functionalized PEG monosulfone (Fig. la). 
Mechanistically, the conjugated double bond in the PEG monosulfone 
is necessary to initiate a sequence of addition-elimination reactions'-''. 
After addition of thiol, elimination of sulfinic acid generates another 
conjugated double bond for the second thiol {Supplementary 
Scheme 1 and Supplementary Methods online). This leads to 
the formation of a three-carbon luidge between two sulfijr atoirs. 



Figure 1 Structural characterization, (a) PEG monosulfone. (b) Silver-stained 
gel of the non-PEGylated three-carbon, (.190 Da) disulflde-bfldged IFN. 
Lanes: (1) M„ markers (kDa); (2) IFNI.O) reduced IFN; (4) 1 equlv. 
bissulfone showing IFN (upper), single oridged (middle) and double-bridgsd 
(lower) IFN; (5 and 5) 2 and 4 equiv.; respectively, showing single-bridgecf 
(upper) and double-bndged (lower) IF.»i; (7) 5 equiv, showing double-bridsal 
IFN. (c) MALDI-TOF-MS of IFN (left), Oys-CCC-Cys IFN (middle) and 
double-bridged IFN (right), (d) Gels slEined with colloidal blue (protein) 
and barium iodide (PEG, right). Lanesi (1) 20 kDa PEG; (2) IFN; (3) IFN ' 
with reduced disulfide; (4) PEGylation raactlon mixture; (5) IFN with both 



Disulfide-scrambling reactions arc inhibited because of thiol propin- 
quity in the nondenatured protein and by having the bisalkylation 
functionality at the end of PEG. 

We used interfi:ron a-2b (IFN) because it is representative of four- 
helical-bundle proteins with accessible disulfide bonds. Theoretically, 
the efiect of introducing a three-carbon bridge is determined using 
stocha,stic dynamics simulations. The bridged IFN isomers Cysl-CCC- 
Cy598 uiid Cys29.CCC-CysI38 are within the confbrinational flex- 
ibility of the crystal and NMR-based structures of interferon a-2a, 
indicating that IFN's tertiary structure i,s preserved' (Supplcnientary 
Results 1 online). 

We found that a three-carbon disulfide-bridged PEG-IFN can be 
prepared when one protein equivalent (equiv.) of PEG monosulfone 
is used after reducing both disulfides. Conjugation is conducted at 
pH 7.8 and 4 °C for 2 h after removal of excess dithiothreitol. If two 
equivalents of PEG monosulfone are used, both disulfides undergo 
conjugation, As a control, we conjugated a non-PEG precursor to IFN, 
SDS-PAGE gels showed IFN's conjugation to precursor and PEG 
monosulfone, with MALDI-TOF-MS confirming the M„ of the 
isomers Cysl-CCC-Cys98 and Cys29-CCC-Cysl38 (Fig, Ib-d) and 
of their trypsin-digested fragments (Supplementary Results 2 
online). The three-carbon-bridged PEG-lFNs were purified by 
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Figure 2 Biological activities, (a) Antiviral activity in A54g cells infected 
with EMC virus (fl = 6). (b) 2',5'-OAS mRNA synthesis in Molt-4 cells 
{n = 3), IFN (gray); unreacted IFN recovered after SEC-HPLC (red); 
non-PEGylated three-carbon disulfide-bridged IFN (green); tftree-carbon 
disulfide single-bridged 10 kDa PEG-IFN (orange); threa-carbon disulfide 
single-bridged 20 kDa PEG-IFN (blue), (c) Immunoblot vvlth an antibody : 
to Fab. Mt, markets (left) are In kDa. Lanes; (1 ) Fab; (2) reduced Fab; 
(3) three-carbon disulfide single-bridged 20 kDa PEG-Fab. (d) Inhibition of 
HIV-1 entry into human C8166 (T-lymphoblastoid) cells as determined by 
real-time PCR for RU5, the first DNA transcript of HIV-1 to be synthesized 
after viral entry (n = 3). Data presented as msan ± s.e.m. 



cation-exchange chromatography followed by size-exclusion chroma- 
tography (SBC)-HPLC with confirmation by western immunoblot- 
ting. The SEC-HPLC chromatogram showed a three-carbon disulfide 
single-bridged PEG-IFN (that i.s, CysKCC[PEG]C.Cys98 or 
Cys29-CC[PEG1C-Cysl38, yield f5%), a three-carbon disulfide 
double-bridged PEG-IFN (Cy.sl-CC[PEG]C-Cys98 and Cys29- 
CC|PEG1C-Cysl38, yield 23.5%), IFN (yield 4.9%) and aggregated 
IFN (yield 6.6%) (Supplementary Results 3 online). 

The reaction can be simplified by in situ conversion of the PEG 
bissulfone to the PEG monosulfone at pH 7.8 during protein 
conjugation. Competitive reactioiSs of the PEG monosulfone with 
other nucleophilic residues are not seen (Supplementary Results 4 
online). MALDl-TOF-MS confirmed the My, of the two-bridged 
PEG-IFN isomers, and CD confirmed the preservation of IFN's 
ot-helical structure (Supplementaiy Results 2). 

Interferon a-2b has distinct effects in vitro: it blocks infection of 
human A549 (lung epithelial) cells by encephalorayocarditis (EMC) 
virus, it mduces 2',5'-o!igoadenylate synthetase '(2',5'-OAS) mRNA 
synthesis, and it upregulates major histocompatibility (MHC) class I 
expression on immunoregulatory cells (Supplementary Methods). 
Using SEC-HPLC, we found that the unreacted IFN and the non- 
PEGylated three-carbon disulfide single-bridged IFN both showed a 
small reduction in antiviral activity compared to IFN (Fig. 2a,b). Our 
results also showed that insertion of a three-carbon disulfide bridge 



contributed ~11%, and addition of PEG contributed ~89% to the 
reduction m the PEG-IFN's biological activity. Becau.?e PEG reduces 
protein immunogenieity, the PEG-IFNs have a lower affinity for MHC 
class I molecules than IFN (Supplementary Results 5 online). 
Uniquely, the PEG's length does not affect its biological activities. 
The PEG-IFN's biological activities ( ~ 8% of IFN) are similar to those 
of the PEG-IFN in clinical use (~7%)'-'°; the enhanced in vivo 
therapeutic eificacy compensating for the reduced in vitro activity'". 
Our PEG-IFNs are stable in aqueous; solution for 3 months at 4 °C; 
and ill human serum for 30 h at 37 °C. After subcutaneous admin- 
i.stration in mice, the 20 kDa PEG-IFN's half-Ufe is 12 h compared to 
1 h for IFN. 

We applied this approach to a human CD4 receptor-blocking 
antibody fragment (Fab), Entry of HIV-1 into cells requhes viral 
gpl20 to bind the Dl domain of human CD4. The IgG, monoclonal 
antibody Q4120/ADP318 (which binds the Dl domain of CD4: 
ref. 11) was digested to make Fab and PEGylated after reduction 
of its interchain disulfide (Fig. 2c), At a saturating dose, the 
PEG-Fab was as effective as Fab at blockmg HlV-1 entry into CDi'^ 
T-lymphocyte cells (Fig. 2d). 

Our studies also include the PEGylation of L-asparaginase without 
loss of enzyme activity or immunogenieity'^. The accessible native 
disulfide bonds of proteins can . therefore be modified by the site- 
specific insertion of a ihree-carbon PEGylated bridge. Our approach 
differs fundamentally from conjugation of PEG to amine residues""'", 
where the biological activity of the PEGylated positional isomers 
depends upon conjugation conditions and the size of PEG''. It also 
makes engineering firee cysteines into proteins for thiol-selective 
PEGylation unnecessary. As the biological activities of our PEGylated 
proteins are independent of PEG size, only their in vivo pharmaco- 
kinetics need optimizing before clinical trials. 

Note: Suppkmmtary information is availMe on the Nature Chemical bialoiywcbsite. 
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Ro oMectiue 

At a time when even the MHS can't afford the - 
latest drugs, is there any hcpe for the world's poor 
countries? Yes, there is - as Janis Smy finds out 
from an altruistic London-based doctor who is 
developing a treatment for hepatitis C 
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